ABSTRACT In helical gears, the meshing stiffness fluctuation caused by the time-varying contact lines and gear errors is a main factor affecting the dynamic characteristics of the helical gears. This paper proposes a new calculation model that can simplify the calculation of the length of time-varying contact lines, friction force, and friction torque. Moreover, this model is not subjected to any parameter of the gear. Instead of linear equivalent displacement, the normal force acted on the teeth is calculated by the time-varying deformation of the meshing spring, which is affected by the vibration displacement, installation error, tooth frequency error, and eccentric error of the gear. We establish the dynamic model of a helical gear system by considering the meshing friction, gear errors, and initial phases of errors. According to the model, the vibration characteristics are calculated and the influence laws of gear errors and supporting stiffness are obtained. Because we take into account the deformation of meshing spring, the dynamic responses of the helical gear system are more abundant than that in the previous studies. The proposed method in this paper can simplify the calculation of the time-varying meshing line, meshing friction, and torque of helical gears, and it may contribute in reducing the vibration and transmission noise of the helical gear system.
I. INTRODUCTION
Helical gears have been widely used in the mechanical industry because of their smooth transmission, low noise, and high transmission efficiency. In consideration of the complexity of time-varying mesh stiffness in helical gear system, which lead to significant fluctuations on meshing stiffness and damping during each mesh cycle. With the addition of helical gear errors, the combined excitations lead to more complicated vibration responses. Over the past 20 years, a lot of researches have been investigated on the time-varying mesh stiffness, sliding friction and dynamic behavior in helical gear system.
There have been many researches on the meshing friction and dynamic characteristics of helical gears. Maatar and Velex [1] expressed the length of time-varying contact line of spur and helical gears by Fourier series, and suggested some examples of possible application. Based on a finite element procedure, Velex [2] analyzed the influence of tooth friction on the dynamic characteristics of spur and helical gear by the time-step integration method. According to the experimental results, they proved the simulated model and acquired that tooth friction is more important at low-medium speeds than higher speeds. Vaishya and Singh [3] presented a new analytical model of a gear pair, and examined the significance of sliding friction on dynamic response applied Floquet theory. Kahraman et al. [4] employed a new friction coefficient model and proposed a 6-DOF nonlinear timevarying dynamic model under the influence of contact friction on both line-of-action and off-line-of-action vibrations of the gear pair. Finally, they put forward a lot of parametric studies to demonstrate the influence of major gear parameters on the dynamic behavior of the gear pair. For helical gears, Chinmaya and Mohanty [5] proposed a new algorithm to calculate the length of time-varying contact lines, the contact lines were divided into two segments based by the pitch line, negative or(and) positive of the friction force and friction torque were divided by the pitch line in helical gear system. In consideration of uneven load distribution along contact lines, Lin et al. [6] proposed a new way to determine the time-varying friction force and friction torque in involute helical gears. Based on nonuniform assumption, they derived the friction force and friction torque models, and contrasted with the determined friction force. The analysis showed that the friction force and torque under nonuniform assumption are more abundant than those under uniform assumption.
Hanjun et al. [7] calculated the length of time-varying contact line under the spalling defect, got the time-varying mesh stiffness by Hertz contact algorithm, and suggested a new method to investigate the excitation characteristics in helical gears with tooth spalling defect. Khaldoon et al. [8] applied the time-varying mesh stiffness model to the fault diagnosis in helical gear system and indicated that the frictional effect must be taken into account to detect the tooth surface defects.
There were a number of researchers studied the gear dynamics at the same time. Kahraman [9] employed a linear dynamic model to analyze the vibration characteristics of axial vibration in a helical gear pair, calculated the intrinsic properties and forced response due to the static transmission error of the helical gear pair. Based on the linear theory, Blankenship et al. [10] proposed a series of spectral stiffness and transmissibility matrices to describe mesh force transmissibility in a helical gear pair firstly. By means of the new model, they illustrated that the transmission of external forces and moments are indeed significant and further, and additional degrees of freedom must be included in the gear mesh interface model to predict the transmission forces in a complex geared system. Song et al. [11] , [12] developed a new three-dimensional model for helical gears with sliding friction by finite element method, which included rotational and translational DOFs along the line-of-action, off-line-ofaction and axial directions, and researched the influence on each direction through different coefficient of friction. Considered the time-varying mesh stiffness, mesh damping, bearing supporting stiffness, backlash and dynamic transmission errors, Jing et al. [13] developed a 6-DOF dynamic model. By means of the non-dimensional method, they analyzed the stable and unstable regions of the helical gear system. Kang and Kahraman [14] proposed a linear, time-invariant dynamic model of double-helical gear pair system including shafts and bearings based on many experimental data, by comparison of theoretical analysis results and experimental data, they discovered that the right-to-left stagger angle was the most critical parameter affecting dynamic response. In order to introduce the fundamentals of gear dynamics and provide references at the design stage, Velex [15] presented a systematic formulation consists of 6-DOF finite element model and time-varying mesh stiffness, each lumped model was regarded as rigid-body, transmission errors and practical considerations were considered by practical, some approximate analysis results still provided a clearer understanding of spur and helical gear dynamics.
Based on the above researches on the helical gear system, this paper presents a more concise and universal method to calculate the time-varying meshing lines. By considering the deformation of the meshing spring, the influence of the gear errors on the dynamic characteristics of the helical gear system is calculated. The proposed method is suitable for all kinds of helical gear system.
After the introduction, in section 2, the new method is proposed and established the dynamic model of helical gear system which include three kinds of gear errors. In section 3, the new method for calculating the length of meshing line and torque is proved. In section 4, the influence of time-varying meshing stiffness, gear errors and initial phase of errors on the dynamic characteristics on helical gear transmission are analyzed. Finally, some conclusions are drawn in section 5.
II. DYNAMIC MODEL
The length of time-varying contact lines is one of the main features in helical gears. The changes in the number of contact lines will cause the fluctuation of mesh stiffness and friction force, which is the major source of vibration and noise in helical gear system. Chinmaya and Mohanty [5] applied the calculation model to the traditional helical gear system, and the computing method proposed by Wenliang Li et al. [16] improved the limitations of the algorithm. But all methods for calculating the length of contact lines are complicated. According to the geometric relationship of the helical gear system, this paper puts forward a concise and universal method to calculate the length of contact lines, friction force and friction torque.
A. MESHING LINE
The length and number of contact lines are related to the geometry of the helical gear, such as helix angle, addendum circle radius, pitch circle radius and width of gears. Meshing of helical gear pair is shown in Fig. 1 , length of pressure plane (CD) is shown in Fig. 2 . Where f is the length of pressure plane, it can be calculated in Eq. (1), p t is the transverse pitch. Where, R a , R, r and r a are addendum circle radius, pitch circle radius of gear and pinion, α t is transverse pressure angle.
According to the transverse pitch and length of contact zone, the number of contact lines can be obtained by Eq. (2) .
Where, α is base helix angle. In this research, when the contact line segment is below the pitch line, the friction force between the helical teeth is negative and positive otherwise, as shown in Fig.2 . According to the meshing characteristics of helical gears, the first negative meshing line increases from 0 to f 2 csc α, then remains constant, and decreases to 0 finally, when the displacement of pitch surface (x) is larger than p t , the first meshing line becomes the second meshing line, the positive meshing line has the same trend as the negative meshing line. On the basis of this algorithm, all of the meshing lines can be calculated. The calculation formula is as follows:
Where, i = 1:n, b is width of gear and pinion. In Eq. (3), if the computation results in square brackets are negative, it is set to 0, and all the formulas use this rule in this paper.
According to Eq. (3), the total length of meshing lines can be calculated as:
B. FRICTION FORCE AND TORQUE
The friction force is calculated based on the time-varying meshing line of the helical gear pair, as shown in Fig. 1 . Similar to the calculation method of meshing line, the length of moment arms of each negative and positive mesh force of the pinion are shown in Eq. (5).
In the light of the geometrical relation of helical gear transmission, the gear friction arms of each negative and positive mesh force are shown below:
Where, D = (Rbs + Rbp)tanϕ, it is the distance between point A and B shown in Fig.1 .
The normal force acting on the helical gear is not calculated as the method ever used, because the deformation of the meshing spring is time-varying, the compression deformation of gear meshing spring is influenced by dynamic response and gear errors. The friction force of each mesh line can be calculated as:
Where, p gp is deformation of the meshing spring, according to the vibration displacement and errors of the gear and pinion, it can be deduced as follows: (8) Where, e gp is transmission error of gear and pinion, β is helix angle.
The total torque of friction force can be obtained by the expression:
C. GEAR ERRORS Errors in gear system are inevitable, the errors mainly include eccentric error, tooth frequency error and installation error. In this paper, the above three kinds of errors are converted into equivalent displacements on the deformation of the meshing spring of the gear and pinion. 
1) ECCENTRIC ERROR
The gear eccentric error is the eccentricity of the gear with respect to the gear center, as shown in Fig. 3 , by converting the eccentric error to the deformation of the meshing spring in the form of harmonic function, equivalent displacement of eccentric error in meshing distance can be calculated in Eq. (10).
Where, E g and E p are eccentric error of gear and pinion, φ g and φ p are included angles between eccentric error and meshing line, β g and β p are initial eccentric phases. 
2) FREQUENCY ERROR
Frequency error mainly refers to tooth profile error, it is deem as the average value of the tooth profile errors of the gear and pinion. Therefore, the tooth frequency error can be obtained by the following formula:
Where, E gp is tooth profile errors, ω is meshing tooth frequency, β gp is initial phase of frequency error.
3) INSTALLATION ERROR
Installation error is the assembled gear deviates from the predetermined position, as shown in Fig. 4 . Firstly, project the installation error of gear and pinion onto the gear coordinate system, as shown in Eq. (12) .
Then, take the lateral and vertical displacements to the meshing spring:
Spring compression is considered to be positive and negative otherwise, and the installation error makes the VOLUME 6, 2018 deformation of the meshing spring can be expressed as:
Where, δ g is position angle of A g , δ p is position angle of A p , β t is the angle between the meshing line and the x-axis.
D. DYNAMIC MODEL
In this study, each gear has three DOFs including two translational and one rotational DOFs, as shown in Fig. 5 . The dynamic model takes into account the time-varying meshing stiffness, friction force, friction torque and gear errors. In particular, the mesh force and torque are influenced by gear errors. According to the D'Alembert's principle, the dynamic model of a helical gear pair shown in Fig. 5 can be written as: According to the vibration acceleration obtained by solving Eq. 15 and Eq. 16, the noise intensity can be obtained by the following formula:
Where, a is the horizontal or vertical vibration acceleration.
III. MODEL VERIFICATION
To compare with published papers, the method for calculating the time-varying meshing lines proposed in this research is concise and universal compared with published papers. According to reference [5] , we bring the geometric parameters of the helical gear model ( is shown in Fig. 6 . Fig. 6(a) is the result obtained by reference [5] , and Fig. 6(b) is the calculation result by the method proposed in this paper. It is clearly that the two calculation results are almost the same, which verify the correctness of the method in this research.
IV. DYNAMIC ANALYSIS
From the dynamic equation established in section 2, the mesh force and torque are affected not only by the time-varying length of contact line, but also the deformation of the meshing spring. Moreover, the meshing spring is related to the timevarying vibration displacement and gear errors. Considering the time-varying meshing stiffness, this section will study the influence of gear errors on the dynamic response of helical gear pair and conduct in-depth research. The influence of gear eccentric error on the dynamic characteristics of helical gear pair is shown in Fig. 7 . With the eccentric error increasing from 0 to 1 × 10 −2 mm, the vertical maximum vibration displacement increasing from 0.8 × 10 −3 mm to 2.1 × 10 −3 mm, there is little effect on the amplitude when the rotating speed changes, but it has a great influence on the noise intensity. As the rotating speed increases, the noise intensity decreases, but when the rotating speed increase to 200 rad/s, the noise is stronger than that is 150 rad/s. Fig. 8 shows the influence of pinion eccentric error on the dynamic response. The impact of pinion eccentric error on the amplitude is similar to the gear, but the effect is even greater than the gear. As shown in Fig. 7(b) , with the increase of eccentricity, the noise intensity will also increase no matter how much the rotating speed is.
According to the author's knowledge, no research considered the phase difference of gear errors. The eccentric phase difference between gear and pinion is analyzed in this paper, which is shown in Fig. 9 . Fig.9(a) refers to the vibration amplitude on vertical direction when the eccentric phase difference increase from −360 • to 0 • . It is clear when the phase difference near −180 • , the vibration displacement is minimal. It reduces by 40 percent if there is no phase difference. However, similar to the eccentric error, there is little influence on noise intensity at different rotating speeds.
The influence of tooth frequency error on the dynamic characteristics of helical gear transmission system is shown in Fig. 10 . It is clearly shown that with the increases of tooth frequency error, the maximum vertical vibration displacement and noise intensity increase. The tooth frequency error on noise intensity is greater than the eccentricity error. Fig. 11 shows the effect of installation error on the dynamic responses of the helical gear system. As the installation error increases from 0 to 1 × 10 −2 mm, the maximum vibration displacement in Y direction increases from 0.8 × 10 −3 mm to 2.1 × 10 −3 mm, however, it has a little influence on the noise intensity. The results are similar to those of eccentric error when the rotating speed increases from 150 rad/s to 200 rad/s. Fig. 12 shows the influence of pinion installation error on dynamic response, with the installation error increases, the amplitude and noise intensity increase at all rotating speeds.
The effect of installation error phase difference on the dynamic response of helical gear system is shown in Fig.13 . When the installation error of the gear and pinion is opposite in phase, the vibration displacement is minimal in Y direction. But the increase of installation error phase difference has little influence on the noise intensity.
Support stiffness is a key factor that affects the dynamic characteristics of the gear system. This paper analyzes the influence of supporting stiffness on the vibration response and noise intensity of helical gear system under different rotating speeds. As shown in Fig. 14 , with the supporting stiffness increases from 5 × 10 8 N/m to 1.5 × 10 9 N/m, the amplitude in Y direction decreases from 3 × 10 −3 mm to 7 × 10 −4 mm, the effect of rotational speed on amplitude is small. As the support stiffness increases, the noise intensity is generally reduced, but the fluctuation is relatively large, the change of noise intensity is the greatest when the rotating speed is 150 rad/s.
Based on the above analysis, the influence of gear errors and support stiffness on the dynamic response is complex in helical gear system. Especially, when the rotational speed is 200 rad/s, the maximum vibration amplitude and noise intensity are larger than 150 rad/s, which is more complicated than previous research results. The reason for this complex dynamic response is that the deformation of meshing spring relates to the time-varying vibration displacement and gear errors. They will lead to the change of friction force and VOLUME 6, 2018 Fig. 15 , when the rotating speed is 200 rad/s, the maximum friction force is greater than the rotating speed is 150 rad/s. The reason for this phenomenon is the deformation of meshing spring, as shown in Fig. 16 . When the rotating speed increases from 150 rad/s to 200 rad/s, the deformation of the meshing spring increases. This is the reason why the dynamic characteristics are complicated.
If the traditional calculation method is adopted to calculate the dynamic response of the gear system, that is, the meshing force is related to the power, rotating speed and pitch circle radius, as shown in Eq. (18).
Calculation results are shown in Fig.17 , it is obviously that with the increase of rotating speed, the friction force reduced, it is unable to explain the complicated phenomenon accurately in gear system.
V. CONCLUSION
This paper presents a concise and general calculation method to calculate the time-varying meshing line, friction force and friction torque of helical gear system. The correctness of the method proposed in this research is verified. Considering the gear errors, time-varying length of contact line and deformation of the meshing spring, the following conclusions can be drawn:
1. As the increase of errors, the vibration amplitude of gear increases, but the noise intensity of vibration does not change obviously.
2. The phase difference of gear errors has a great influence on the dynamic response, compare with the same phase, the opposite phase can reduce the amplitude by 40%.
3. The support stiffness has a greater influence on the amplitude at each rotation speed and has a smaller influence on the noise intensity.
4. In order to research the dynamic characteristics of helical gear transmission system more accurately, the influence of deformation of the meshing spring should be considered. 
